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Different kinds of design structure are created and used in engineering design and development processes. Function structures,
design grammars and bills of materials are common examples. However, there is a lack of clarity regarding distinctions and
similarities between different kinds of structure and systematic ways to articulate them. This paper brings together research on
product structuring and shape computation to inform the speciﬁcation of principles for the deﬁnition of design structures. The
principles draw together ﬁndings reported in the computational geometry and product deﬁnition literature with research from a
range of companies and industry sectors that encompasses enterprise and process structures. The potential value of the principles
to computer-integrated manufacturing and through-life support is demonstrated through application to four case studies.
Keywords: engineering design; design informatics; bill of materials; function structure
Introduction
Engineering design is an important early stage of the inno-
vation processes that deliver new products to markets
where societal challenges are addressed and wealth
generated. High-quality engineering design information is
critical to the effective and efﬁcient manufacture, produc-
tion and through-life support of such products. The emer-
ging discipline of engineering design informatics brings
together ICT (Information and Communications
Technology) and engineering design to support the creation
of well-founded engineering information support systems.
However the current state-of-the-art is characterised by
experience-based frameworks and approaches from engi-
neering design coupled with general purpose ICT frame-
works (such as SYSML) which provide wide-
ranging functionalities but require substantial effort and
scarce expertise to create even demonstrator solutions.
These problems can be attributed, in part, to shortcomings
in the cognate body of knowledge that underpins the dis-
cipline of engineering design which result in slow incre-
mental progress based on a series of ad hoc solutions with
few if any high-impact breakthroughs. The importance of
the discipline of engineering design informatics is growing
for CIM because digital information is becoming a key
input to and platform for manufacturing systems. These
systems have a direct impact on the effectiveness and
efﬁciency of manufacturing operations and, as a result,
deﬁciencies in the information that drive them are likely
to become a limiting factor in system performance. In
addition, design information provides new opportunities
as a critical underpinning to enable the closing of loops
between manufacturing and design, so offering the poten-
tial for design to be better informed by manufacturing
practices and experiences.
The goal of this paper is to contribute requirements for an
underlying theoretical framework for the representation and
structuring of design and manufacturing information that
will address these issues and contribute to the creation of
affordable, efﬁcient and effective ways to support engineer-
ing products through life. This is especially challenging
because the lives of many products are expected to extend
beyond the working lives of the engineering designers who
created them, and design information is often inaccessible
because it has embedded within it idiosyncrasies of the
people who created the design or the computational systems
they used. Beneﬁts would include a well-founded theoretical
and computational infrastructure on which the next genera-
tion of design, manufacturing and lifecycle support systems
could be built. The novel contribution of this paper is the
development of six principles for the deﬁnition of design
structures and a template-based method that has been used to
operationalise the application of the principles to case-study
design structures.
This paper proposes a collection of six principles for
the deﬁnition of design structures. It begins with a review
of literature on design structures and their application in
engineering product development processes. This is fol-
lowed by a description of the research methodology used
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to develop the principles and a section outlining the prin-
ciples themselves. Building on these principles, a template
for their application to engineering problems is proposed
and used to validate the principles through application to
four case studies. The case studies cover a range of design
and manufacturing process stages and associated design
structures. Learning from across these case studies is then
discussed and areas for future research identiﬁed.
Background
For the purposes of this paper, engineering design processes
result in deﬁnitions of physical artefacts. Engineering design
deals with a special kind of physical artefact, technical arte-
facts, and a number of commentators discuss the dual nature
(functional and physical) of such artefacts (Anon 2014). Like
all physical artefacts, technical artefacts have two physical
properties that give them their existence (potential or actual):
shape and material. Today’s engineering design processes
typically involve two inter-related activities: the deﬁnition of
shapes (e.g., using computer-aided design systems) and the
speciﬁcation of materials (e.g., using software packages such
as EduPack [www.grantadesign.com/]). For this paper, whilst
recognising that they are interdependent, we regard shape
deﬁnitions as the results of generative processes and material
speciﬁcations as the results of selection processes. However, it
may be useful and practicable to consider shape and material
as the combined result of a generative process (Stiny 1991).
The development of the principles introduced in this paper has
also been cognizant of developments in advanced materials
(such as composites) and manufacturing technologies (such as
3D printing) that promise engineering design processes where
both shape and material deﬁnitions are generated together.
Deﬁnitions of shapes may be variously given and range
from structured entities in which shape components are inde-
pendently speciﬁed to unstructured ones in which shape com-
ponents are left unresolved to be speciﬁed on the ﬂy. In the
former, set-like structures, e.g., graphs or trees that record
components and their connections, may be used as representa-
tions of shapes. This facilitates generative processes, as the
atoms of computation are given explicitly. Alternatively, alge-
bras based on more general part relations or partial orders are
also possible. This supports the possibility that the parts of
shapes may change radically, while preserving the possibility
that shapes arise in generative processes. Of course, both
structured and unstructured approaches to shape deﬁnition
can be related, in particular when the latter supports multiple
versions of the former (Stiny 2006). Questions of size may be
addressed in both approaches, too, when equivalence relations
are deﬁned on shapes in terms of transformations. Evidence of
the logical separation between shape and size can be seen from
pre-CAD engineering design practices where a given design
often had multiple drawings, e.g., one for manufacturing and a
different one for inspection.
A common feature of the numerous engineering
design processes available in the literature is that they
begin with users’ wants and needs which are translated
into design requirements that drive subsequent stages of
the process. Guidance on how best to derive and formulate
design requirements, especially for so-called wicked pro-
blems typiﬁed by multiple users with different roles, needs
and wants that interact and at times conﬂict with each
other, is less well developed (Agouridas et al. 2008). In
the engineering design-research community, affordance-
based design is becoming established as a means of relat-
ing customer needs with design requirements (Wu,
Ciavola, and Gershenson 2013; Booth, Reid, and
Ramani 2013; Lewis et al. 2013; Li and Tate 2013).
Given a collection of design requirements, functional
requirements and structures are derived. With respect to
thinking on the dual nature of technical artefacts, all of
these approaches sit in a functional space imposed by
people and are not intrinsic properties of the ﬁnal design.
For example, Cormier, Olewnik, and Lewis (2013) refer to
‘Desired Affordance Models’ and functional requirements
may be expressed as shape models. The aero lines that
specify the ﬂow paths of air into the nose cowl of an aero
engine are a conspicuous example of this. In this paper,
design goals and constraints are regarded as design
requirements that arise from people and processes
involved in the development of the product itself, e.g.,
manufacturers and, with the move to through-life support,
service engineers and organisations.
At their most abstract, engineering design processes are
transformation processes that convert design requirements
into designs, i.e., shape deﬁnitions and associated material
speciﬁcations. For all but the most trivial design activities,
this conversion process includes human creativity and inge-
nuity that rely on design structures as sense-making
devices. Many different kinds of design structure are iden-
tiﬁed in the literature but the question of precisely what is
(and is not) a design structure remains unclear (Andreasen
et al. 1997; McKay 1997). For example, Pahl and
Beitz (1999) and Dym and Little (2009) identify the func-
tion and physical structures that include both breakdown
structures and ﬂows, e.g., between functions. Similarly,
Cagan and Vogel (2002) and Ulrich and Eppinger (2008)
provide examples of product structures in the context of
designing. These include hierarchies of needs and product
family architectures and, through product case studies, the
superimposition of part names and details related to aes-
thetics, ergonomics and manufacturing on to shape repre-
sentations (in the form of sketches) of the product.
For the purposes of this paper, design structures are
artiﬁcial [sense-making] devices used to make physical
artefacts (or their deﬁnitions) easier to use in engineering
processes. The principles introduced in this paper build on
the premise that a given design can be assigned multiple
design structures, which may be of different types, e.g.,
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function versus behaviour versus physical and/or have
different purposes, e.g., engineering bill of material
(BOM) versus manufacturing BOM versus service BOM.
There are many examples in the literature. For example,
Andreasen’s (1999) chromosome model provides four dif-
ferent perspectives on a given design (process, function,
organ and part). These are each depicted by Fan et al.
(2005) as four different kinds of design structure, each
with its own kind of element, that can be related to other
research on design structures. For example, there are direct
parallels between Andreasen’s process perspective and
Maier and Fadel’s (2009) affordance structures.
Similarly, work with the US DoD on the reconciliation
of multiple BOMs (Dement et al. 2001) aligns with
Andreasen’s parts perspectives. Dement et al. (2001) is
an early example of research that recognised the value of
relating multiple design structures of a given kind (e.g.,
BOMs) to a single design. More recently, work on
through-life support for engineering products, such as
that in ISO 10303-239 (2012), recognises the need for
multiple product structure views and breakdown struc-
tures. Trott et al. (1999) report on the application of a
framework for the characterisation of product (functional
and physical) structures to aero engines which provided an
example of the potential value to be gained from being
able to deﬁne and relate multiple structures for a given
design – in particular, the nose cowl of an aero engine – in
a systematic manner. The purpose of assigning structures
is to support design-related activities. For example, in
Trott et al. (1999), functional and physical structures
were speciﬁed along with relationships between them;
this allowed users to answer questions such as, ‘Given a
change in the functional requirements of the aero engine,
how long will it take to modify the design and deliver
products to the new design?’ This was a real world pro-
blem, initiated by changes in the operating cycles of the
airlines that operated the planes containing the engine. The
value of the pair of related design structures was that,
given an appropriate deﬁnition, engineers could identify
the parts in the physical structure that were affected by
changes to the functional structure. The application of
these ideas was not developed beyond the paper because
the cost (measured in the time needed from already over-
loaded product development engineers working to
demanding schedules) involved in specifying and verify-
ing the necessary structures and interrelationships was
deemed to be unaffordable. The long-term goal of the
thinking introduced in this paper is to provide underlying
formalisms for the systematic speciﬁcation of design
structures, which, like solid modelling formalisms that
underpin contemporary shape design systems, both
improve the efﬁciency with which design structures are
speciﬁed and provide opportunities for the development
of applications to support and improve (measured in the
time needed from practitioners, accuracy and
repeatability) the validation and veriﬁcation of given
design structures.
Once deﬁned, there are numerous methods intended to
support design processes using design structures, e.g., as
evidenced by interest in Dependency and Structure
Modelling (www.dsm-conference.org/dsm2014.html) and
Design Structure Matrix-based approaches (Steward 1981;
Borjesson and Sellgren 2013). There has been less work on
systematic approaches to the deﬁnition of the design struc-
tures that feed into these approaches. For example, Booth,
Reid, and Ramani (2013) highlight difﬁculties in diagram-
ming methods. Alternatively, the rules in generative design
systems may be regarded as a form of design structure,
where the arcs between rules record the sequence of trans-
formations from one design to another. With respect to
design structuring, many researchers report results of work
that, given one or more design structures, can be used to
gain insights (e.g., see the Dependency & Structure
Modelling series of conferences for applications [www.
dsm-conference.org/]) and improve engineering design
activities. However, there is less emphasis on the problem
of how design structures might be deﬁned in the ﬁrst place
and well-founded underpinnings for such deﬁnitions. This
is the focus of this paper, speciﬁcally, a contribution to
requirements for theoretical underpinnings that might be a
part of the cognate discipline of design structuring in the
context of engineering design. Making these principles
explicit is an important step to establishing usable design
theories and may well lead to increased uptake of DSM and
similar methods by making the deﬁnition of design struc-
tures more routine and systematic. The principles them-
selves are currently expressed in natural language. The
possibility for a rigorous mathematical (algebraic) formula-
tion remains open but real.
Methodology
The principles introduced in this paper were developed
using an abductive research process (Dubois and
Gadde 2002) built on cases drawn from collaborative
industry-linked research activities and participation in
European and US discussions on engineering design for
over 15 years. Key aspects of the methodology used in
this research are shown in Figure 1. The focus of this
paper is the principles and their validation.
An early framework for the characterisation of pro-
duct structures was published in McKay (1997). This
framework, derived from and developed through discus-
sions at the WDK workshop series on product structuring
(Tichem et al. 1995; Mortensen 2003), was applied to
aero product (functional and physical) structures in Trott
et al. (1999). Learning from this work was coupled with
thinking on shape computation (Stiny 2006) and mereol-
ogy (Simons 2000; Dement et al. 2001) in the establish-
ment of a representation scheme for what, in this paper,
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we refer to as ‘design structures’ (McKay and de
Pennington 2001). The focus of this paper is on the
principles themselves (see next section) and their valida-
tion through application to examples taken from what
Dubois and Gadde refer to as the ‘empirical world’.
The validation process required a research instrument
that could be used to apply the principles to examples
with minimal noise such as the additional constructs that
often arise from computer implementation. The research
instrument, in the form of a template for the application
of the principles, and its application to examples are
introduced after the next section, which details the prin-
ciples themselves.
Principles for the deﬁnition of design structures
The principles introduced in this section were established
to address the problem, evidenced in the Background
section, that digital design deﬁnitions frequently include
multiple, often incomplete, design structures. The lack of
clarity and potential for discrepancies that results from
these structures being superimposed on each other pre-
vents progress and makes design structuring a heuristic,
and so difﬁcult to repeat, process. A repeatable process
that the implementation of such principles might underpin,
can clarify, e.g., what is being represented, where shape
might come in and in what form, and omissions in the
design deﬁnition. For example, shape is a core part of the
deﬁnition of a physical product. However, it can also be
used in other ways in a design deﬁnition. For example,
shapes can be used to represent functional units (that are
connected in circuit diagrams that can be regarded as a
form of functional model) before a shape has been con-
ceived or to illustrate the intended use of a part. There are
six principles in total. The ﬁrst two principles introduce
the distinction between shape and material (constitution in
Dement et al., 2001) that are consequences of the physical
existence of technical artefacts, and design structures that
are artiﬁcial devices created by people to support sense-
making. As such, there is no physical restriction on the
number of structures that might be associated with a given
technical artefact.
Principle 1: A given physical artefact, of which technical
artefacts are a kind, has two intrinsic properties: shape and
material.
Principle 2: A given design may have multiple design
structures.
A common feature of design structures is that they are set-
like, presented as trees or graphs (hierarchies, networks
and directed graphs) composed of nodes and arcs.
McKay (1997) was based on an analysis of papers in the
previous two workshops in the WDK series. The next two
principles are derived from McKay (1997); in that a given
design structure has two key features:
● Elements of a kind (e.g., the nodes in a graph
diagram)
● Relationships of a kind (e.g., the arcs in the graph
diagram)
Principle 3: A given design structure is composed of
elements of a kind and relationships of a kind.
To apply Principle 3, users need to know the possible
kinds of element and relationship. In the design of physi-
cal artefacts, the main focus of mechanical design, com-
mon kinds of element are parts (which are themselves
artefacts) and functions. The speciﬁc kind of element
depends on the purpose for which the design structure
has been created. However, only two kinds of relationship
Theory
(Tichem et al. 1995; 
Mortensen 2003; McKay 1997; 
Stiny 2006; Simons 2000; 
Dement et al. 2001; 
McKay and de Pennington 2001)
Framework
(Template used 
in the Validation 
section of this
paper)   
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Figure 1. Methodology.
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have been identiﬁed to date. This leads to the fourth
principle.
Principle 4: The relationships in a given design structure
are one of two types: composition or connection.
Simons (2000) introduces mereology, a branch of philo-
sophy related to part-whole relationships, and its applica-
tion to BOMs. Part-whole (or decomposition)
relationships occur in a range of design structures, cf.
Ma and Kremer (2013) and Chiriac et al. (2011). For
example, functional decomposition structures are design
structures where the elements are functions related
through part-whole relationships. It is interesting to note,
too, that part-whole relationships apply to the deﬁnition of
shape itself, although possibly with some diversion from
mereological orthodoxy to ensure, e.g., ﬁniteness of
shapes and operations, and algebraic closure (Stiny 2006).
The other kind of relationship is a connection relation-
ship. Assembly structures in computer-aided design systems
are a common example where parts in an assembly are
related to each other by assembly mating relationships that
deﬁne geometric constraints between parts. Connection rela-
tionships also occur in other design structures, e.g., energy,
material and information ﬂows in a function structure. A key
difference to composition relationships is that the deﬁnition
of connection relationships often requires an ability to refer
to elements of the things being related. For example, deﬁning
assembly mating conditions between parts requires the abil-
ity to refer to shape elements such as surfaces and centre
lines. Embedding and its extension to part relations, together
with boundary operators, enable the deﬁnition of these con-
ditions (Stiny 2006). Connection relationships may also
depend on the applications that use them. For example,
solid modelling systems that use assembly-mating condi-
tions in exploded assembly drawings can inﬂuence how
connection relationships are deﬁned. Moreover, in applica-
tions where rigidity is an assumption, connection relation-
ships between shape elements are often constrained to occur
only between siblings in a BOM. This preserves the rigidity
assumption and laws of physics, where a physical part cannot
be a part of itself. It further allows shape deﬁnitions to be
validated syntactically, rather than through compositional
analysis, which may be a far more onerous task.
Principles 3 and 4 support the speciﬁcation of a given
design structure but do not enable one to differentiate
between design structures that have the same kinds of
elements and relationships, e.g., different kinds of BOM
or different BOMs for a given product that contain data at
different levels of detail. This leads to the ﬁfth principle.
Principle 5: A given design structure has a purpose for
which it was created, which determines the kinds of rela-
tionship and element that are needed.
The purpose may not be clearly deﬁned, but design struc-
tures are created with at least some purpose in the minds
of their creators. McKay (1997) provides elements of a
purpose but ultimately the purposes are free-form text and,
therefore, at high risk of ambiguity. But this risk may be
worth taking to foster creativity, without the cost of a
formal or algebraic approach to design structure. The
Discussion section in this paper considers future possible
developments in this area.
The ﬁnal principle ensures that both elements and
relationships have equal precedence in a given structure.
Our experience says that neither should have automatic
precedence. For example, a BOM, and other decomposi-
tion structures, usually start with the thing being decom-
posed – which is an element. However, there are many
examples of design structures containing connection rela-
tionships that begin with a relationship, e.g., many process
models start with a ﬂow. The ﬁnal principle accommo-
dates this requirement.
Principle 6: In a given design structure, both elements
and relationships are equal.
In addition to allowing a given structure to start and ﬁnish
with both elements and relationships, this principle is
important in the development of design support tools
because both elements and relationships can exist inde-
pendently of each other and therefore support reuse.
A template for the deﬁnition of design structures
The value of templates and principles for any activity,
including design structuring, lies in their potential to sup-
port the replication and transfer of knowledge (e.g., from
design to manufacture) (Wæhrens, Cheng, and
Madsen 2012). Replication of design information is
important for manufacturing because without it manufac-
turing operations have to devote resources to dealing with
special cases arising from nuances in the practices of
individual designers (which tend to add cost to
manufacturing) rather than in the design itself (which
tend to add value to the manufactured product). The
principles in this paper come from research on the estab-
lishment of high-quality digital engineering product deﬁ-
nitions. There is a wide literature, including international
standards, on underlying representation schemes (in the
form of meta-models and ontologies) for the deﬁnition of
product data. Digital product deﬁnitions are deﬁned as
instances of such representation schemes. For digital pro-
duct deﬁnitions to be effective and efﬁcient (deﬁned by
Wæhrens et al. as understandable, useful, and fast and
affordable to use), there is a need to ensure the quality
of instance data. This is a particular challenge when under-
lying representation schemes are generic, which is a key to
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effective and efﬁcient implementation of meta-models but
can compromise the effectiveness and efﬁciency of
instances because the meta-model is less constraining on
users. This issue in the reliability of computational models
is detailed by Szabó (1993). When considered in the
context of design information, the challenge is to achieve
a balance between speciﬁc models (that are easier to prove
and use, but larger and so more costly to develop, main-
tain and build interfaces with) and generic models (that are
more prone to issues associated with poor quality data
highlighted by Szabó and often criticised as being vague,
but are signiﬁcantly less costly to develop, maintain and
interface with). The template proposed in this section is
directed towards addressing these issues by providing a
means of using the principles introduced earlier to create
high-quality digital design deﬁnitions.
The template illustrated in Figure 2 embodies all six
principles. In this paper, it is used to validate the principles
by supporting their application to case studies in the next
section. The rationale for key features of the template is
given in Table 1. Principles 1–4 have been taught to ﬁrst
year mechanical engineering and product design students
as part of product dissection classes for over 10 years
(Lewis et al. 2013). Figure 3 contains the content of the
three slides that have been successfully used for this
purpose. These slides are used in this paper to demonstrate
how the template has been used to validate the principles
through the deﬁnition of example design structures. It can
be seen that they are based on the right-hand side of the
template given in Figure 2 with the basic principles of
design structuring covered in Figure 3(a) and the template
applied to a structure containing part-whole relationships
in Figure 3(b) and connection relationships in Figure 3(c).
These slides also touch on Principle 6 by not constraining
the extremities of a given structure to be either an element
or a relationship. A visual means of presenting Principle 5
(the purpose of a given structure) has not yet been
established.
KEY
A
A B
A is a <element_type>
B is <relationship_type> A
Any form of representation of
the physical artefact, e.g. a
digital definition (possibly
incomplete) of a design or a
photograph of a product that
has been produced
Embedding
relationship
(connecting structural
elements to a product
representation)
Figure 2. A template for the deﬁnition of design structures.
Table 1. Relationships between the principles and template.
Principle Feature of template
1. A given physical artefact, of which technical artefacts are a
kind, has two intrinsic properties: shape and material.
A representation of the artefact is shown on the right-hand side,
independently of the design structures.
2. A given design may have multiple design structures. Multiple structures shown by sheets on left-hand side.
3. A given design structure is composed of elements of a kind
and relationships of a kind.
The key to the structure on the left-hand side permits (and
speciﬁes the types of) elements and relationships.
4. The relationships in a given design structure are one of two
types: composition or connection.
This is a constraint on relationship types.
5. A given design structure has a purpose for which it was
created, which determines the kinds of relationship and
element that are needed.
This is free-form text and can be added as a note on each sheet if
necessary.
6. In a given design structure, both elements and relationships are
equal.
There is no requirement to start all structures with elements or
relationships – unless the relationship types require this. For
example, the key in the template, B requires A to exist; if this
were not the case then the relationship would need to be deﬁned
without reference to A.
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Although beyond the scope of this paper, it should be
noted that both relationships and elements can be used to
carry product data. For example, in many BOMs, the
composition relationships have quantities assigned to
them and the elements have names and part numbers
associated with them for identiﬁcation purposes. The pre-
cise nature of the carried data depends on the kinds of
element and relationship that make up the structure and
the purpose for which the structure was created. For
example, Figure 3(c) shows two product structures super-
imposed on each other, one a BOM and the other an
assembly mating structure, which would include informa-
tion such as the geometric constraints between parts.
Validation of the principles
Four examples are used to demonstrate the validity of the
principles. The ﬁrst two relate to the use of the principles
as a design development, deﬁnition & analysis tool for an
existing product, the third to an established manufacturing
example where different perspectives lead to the identiﬁ-
cation of different features and the fourth as a support tool
for design development before a product shape has been
established. Although synthetic, the examples provide an
insight into the potential application and usefulness of the
approach in structuring and gathering design and manu-
facturing information.
Use of the principles as a design development & analysis
tool
In this section, the template is applied to a design devel-
opment and analysis problem using Principles 1–4 and 6.
The potential value of Principle 5 becomes apparent when
transitioning from product dissection to the excavation,
evaluation and explanation stages of product archaeology
(Lewis et al. 2013) where parameters for the deﬁnition of
purpose for a given design structure can be drawn.
Although there are many papers written on the value of
product archaeology to engineering education, examples
that could be used in this paper are not available. For this
reason, the example used in this paper is a child’s ﬁshing
game toy: primarily because it is easily accessible and
highlights interesting issues for design structuring.
Figure 4 shows functional and physical structures of the
game, related to a physical representation in the form of a
photograph. Red lines with dotted ends show embedding
relationships between the physical (BOM) structure in
Figure 4(a) and the game design. For clarity, only relation-
ships for the top two levels of decomposition are shown in
the ﬁgure. Although a simple example, the ﬁshing game
highlights a number of interesting points that can be
regarded as requirements for the embedding operation.
Firstly, the BOM includes both integral and distributive
composition relationships (Dement et al. 2001). For exam-
ple, the two rods in the BOM are embedded into more than
one discrete shape in the design and are an example of a
distributive composition relationship (Dement et al. 2001).
If a third, assembly-mating structure were added to
Figure 4, then each rod would need a separate instantiation
to enable the deﬁnition of mating conditions that positioned
each in its own hole. Another requirement for the embed-
ding operation is highlighted through the function structure
shown in Figure 4(b). Relationships from the function
structure to the game design are not shown graphically
but can be inferred from the names embedded within the
structure. As with the BOM in Figure 4(a), some elements
in the function structure are embedded into more than one
aspect of the design. In addition, some elements of the
function structure are embedded using shape elements that
do not exist in the design and are themselves embedded
into it. The top level function, ‘Rotate & translate ﬁsh about
& along vertical axis’, is a case in point. This function
refers to the ﬁsh, which are clear to see in the image and
also occur in the BOM, and a vertical axis, which would be
embedded into the game deﬁnition and does not appear in
the BOM.
Use of the principles as a design deﬁnition tool
In contrast to the previous section, the template is used
in this section to create a collection of design
• A product structure defines the parts in a product 
and relationships between parts.
• A given product can have multiple product 
structures, each used for different purposes.
• For example, 
– a Bill of Materials (BoM) is a product structure that
defines the physical parts that make up a product and 
the number of each part used in each sub-assembly.
– A physical assembly structure is a product structure
that defines the physical parts that make up the
assembly and the physical relationships between them.
Slide 1
1. Identify the product
2. Identify the direct parts of the 
    product
3. Define the relationships 
    between the parts: for this 
    exercise focus on part-whole 
    relationships
4 .Repeat the last two steps 
     until you wish to finish
Slide 2 Slide 3
1 1
22
1 1 2
KEY
A
A B
A is a part
B is part of A
A B
A and B mate 
with each other
(a) (b) (c)
Figure 3. The application of the template: (a) What is a product structure? (b) How to map a BOM product structure; (c) Using a
product structure to carry information and mapping an assembly mating structure.
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deﬁnitions, often associated with different engineering
disciplines, using a hydraulic car jack as an example.
This product was selected because data were available
for both functional and physical design structures which
included both composition relationships (e.g., the BOM
in Figure 5(c)) and connection relationships (e.g., the
hydraulic circuit diagram in Figure 5(a)). Four deﬁni-
tions are given in Figure 5. The types of design struc-
ture introduced in Figure 4 could, in a similar way, be
deﬁned for the car jack. This section focusses on the
deﬁnition of a functional product structure with connec-
tion relationships. A number of issues arise when a
design structure corresponding to the hydraulic circuit
diagram in Figure 5(a) is created, as shown in Figure 6.
Firstly, the elements in the BOM given in Figure 5(c))
need to be adjusted so that each part occurs in the
structure the same number times it occurs in the assem-
bly. For example, in Figure 5(a), the check valve part
appears once in the BOM with a quantity 2 to indicate
that there are two occurrences in the ﬁnal product. With
Game
Mechanism
assembly
PondFish
Rods
Pond
assembly
KEY
A
A B
A is a part
B is a part of A
Cam
Mechanism
Casing
A
A B
KEY
A is a function
B is a sub
function of A
-
Rotate and translate fish
about and along vertical
axis
Drive 
pond 
rotation
Locate 
fish in 
pond
Guide fish 
translation
(a) BOM structure (b) Function structure
Figure 4. Application of template for the deﬁnition of physical and functional structures to a simple product.
(c) BOM for structure in (a)
A
A B
KEY
A is a functional unit
A output feeds into B
Jack
RAMReservoir
KEY
A
A B
A is a part
A contain s[one
unless stated
otherwise] B
(a) Circuit diagram
Handle
Hydraulic
parts
Check
valve
Open/close
valve
(b) Physical products
OIL RESERVOIR
HANDLE
RAM
CHECK
VALVE
OPEN/CLOSE VALVE
CHECK
VALVE
2
Figure 5. Application of template for the deﬁnition of hierarchical and connection structures associated with a simple design (Image
sources: schematic from http://www.antonine-education.co.uk/; jack photograph from http://www.engineeringexpert.net/).
244 A. McKay et al.
reference to Principle 5, this is acceptable when the
BOM is to be used in particular applications, such as
material requirements planning where the requirement is
to count parts, but if it is used to determine the parts
that are to be connected to each other in the circuit
diagram then the part needs to appear multiple times
in the circuit structure. This is akin to the shape hier-
archy created in a CAD system where, if a given part is
to appear multiple times in an assembly model, each
part in the assembly needs a separate occurrence.
Secondly, a range of levels of detail in the circuit
diagram structure are possible. In the example given in
Figure 6, each hydraulic component is explicitly connected
to other parts; an alternative could be to connect the key
functional elements of the product directly, e.g., deﬁne a
connection between the ram and the handle, and deﬁne this
relationship in terms of valves and other components.
Applying Principle 5, the level of detail in a given structure
depends on the purpose for which it is being created.
Finally, for this paper, the example raises questions around
relationships across functional and physical domains,
which, in turn, lead to a discussion that is beyond the
scope of this paper on what constitutes a function.
Use of the principles as a manufacturing development
tool
The principles were used in the previous sections to
associate different kinds of structure with a given design.
In this section, the principles are used to address the
well-established but only partially solved problem of
conﬂicts between design and manufacturing features.
The exemplar given in Figure 7 is one where designers
and manufacturers often use different deﬁnitions of the
same shape. In this case, designers design ribs for
strength and manufacturers produce ribs by machining
pockets. As a result, the two design structures shown in
Figure 7 are of the same type (i.e., elements of a type
[shapes] and relationships of a type [composition]) but
the data that is used to populate them is different: ribs in
Figure 7(a) and pockets in Figure 7(b). As in the ﬁshing
game example, a key challenge in implementing such
structures lies in the embedding relationship, represented
by the red lines, which connect elements of the design
structure with aspects of the shape. However, the invest-
ment needed to achieve this is likely to be valuable
because the issue of multiple perspectives on a given
design is common today in manufacturing (Iacob,
Popescu, and Mitrouchev 2012; Halfmann and Krause
2012) and is increasingly recognised as a problem in the
support of product lifecycles where many different struc-
tures arise, not just in design and manufacturing but also
through life. For example, the principles could be used to
create both structures and carried data (related to both
elements and relationships) to support design assembly
analysis tools such as that described by Samy and
ElMaraghy (2010).
Use of the principles as a design development tool
The previous example shows how the principles proposed
in this paper can be used to support the deﬁnition of
(c) Structure corresponding to circuit diagram
A
A B
KEY
A is a functional unit
A output feeds into B
Jack
RAMReservoir
KEY
A
A B
A is a part
B is a part of A
(a) Circuit diagram
Handle
Hydraulic
parts
Check 
valve (1)
Open/close
valve
OIL RESERVOIR
HANDLE
RAM
OPEN/CLOSE VALVE
CHECK
VALVE (1)
Check 
valve (2)
CHECK
VALVE (2)
1
2
3
4
5
A B Oil flows between A & B
(b) Embedding 
operators
Figure 6. Design structure corresponding to the circuit diagram and BOM given in Figure 5.
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design structures for designs that already exist. In this
section, the potential role of the principles in supporting
the development of new designs is introduced. There are
many examples of uses of design grammars to support
generative design processes in the literature. These tend to
have a mathematical focus. In this paper, examples of
affordance structures are used because they are a part of
engineering design literature and maintain the engineering
ﬂow of the paper.
Cormier, Olewnik, and Lewis (2013) introduce exam-
ples of design structures in considering how affordances
might be incorporated into early design processes. They
relate desired affordance models to steps in a design
process and then propose an affordance modelling process
whose early steps involve the identiﬁcation, deﬁnition and
prioritisation of affordances with a ﬁnal step called
‘Organise the Affordances into a Structure’. Three
approaches for organising affordances are identiﬁed in
the paper (kind of affordance, importance and kind of
user). If an affordance structure is regarded as a kind of
design structure, then each of these approaches would
result in a different design structure where the elements
of each was an affordance but the relationships depended
on the selected approach. The paper also hints at three
different kinds of product structure where the elements
would be artefacts and the relationships would be either
support, dependent or environmental. Whilst Cormier
et al. infer a number of design structures, the examples
they provide in the paper do not include sufﬁcient detail
across a single artefact to allow a detailed analysis and
application of the principles introduced in this paper.
Figure 8 shows a small example of a fragment of an
affordance model from Cormier, Olewnik, and
Lewis (2013) expressed as a design structure using the
template from Figure 2.
This example, illustrates how the principles for deﬁn-
ing design structures in this paper might be applied to
support affordance-based design. A more detailed example
for a speciﬁc design activity would be needed to develop
this example further. However, by combining this and the
previous example, it is possible to imagine how affordance
structures might be related to function and physical struc-
tures to support an affordance-based design process. In
doing this, further opportunities to enrich affordance-
based design activities by relating affordance, function
and physical structures to users (who are explicitly cap-
tured in Cormier et al.’s model) and the processes that
involve using the designed artefacts emerge. Halfmann,
Elstner, and Krause (2011) identify comparable relation-
ships between product and process structures in the man-
ufacturing domain.
Discussion
That a given design can be assigned multiple structures is
self-evident from engineering practice. The principles
introduced in this paper assert that a given structure
includes elements of a kind and relationships of a kind.
Using these principles as an analysis tool can clarify the
nature of product data being used and generated in engi-
neering processes. The principles are deliberately abstract
and the nature of the kinds of element that might exist in a
design structure is beyond the scope of this paper. Two
kinds of relationship in design structures have been intro-
duced. Composition relationships are the most well under-
stood (Simons 2000) but even the simple examples
introduced in this paper highlight complexities when
applied to real-world engineering examples. Connection
relationships are less well understood. More work is
needed to create a theoretical basis for connection
(a) Design features (b) Manufacturing features
KEY
A is a geometric feature
B is a sub-shape of A
A
Part 
shape
A B
Rib 1
Rib 2
Rib 3
Rib 4
Rib 5
KEY
A is a geometric feature
B is a sub-shape of A
A
Part 
shape
A B
Pocket
1
Pocket
2
Figure 7. Application of template for the deﬁnition of manufacturing and design features.
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relationships. From the work completed to date, kinds of
connection relationship depend on the type of element
being connected, and this may also apply when relating
relationships. As a foundation for this, there is a need for
well-deﬁned test cases because, although introducing
interesting ideas, the examples provided in many sources
are insufﬁcient for readers to extract key information and
use it in new contexts. In parallel, further work is needed
to understand how best to deﬁne the purposes of design
structures. These structures, as instruments for designers
and other practitioners in the product lifecycle, are them-
selves designed, which begs questions around the applica-
tion of engineering design methods to the design of design
structures. If this were feasible then methods such as
affordance-based design could be used in the development
of structures to support a range of through-life engineering
activities and processes.
The six principles for design structuring introduced in
this paper have been used to inform the deﬁnition of a
template for product structuring whose value has been
demonstrated through application to four case studies.
The ﬁrst three case studies illustrate the value of the
principles as a design deﬁnition and manufacturing analy-
sis tool through application to sample products. In the
fourth case study we show how the principles might
facilitate generative aspects of engineering design pro-
cesses in the role of a design development tool and their
potential to relate product and process structures. The
template assumes a representation of the design exists.
Early in a design process, this is unlikely to be the case.
However, in creating design structures, the representation
of the artefact need not be complete. Completeness of a
design depends on the design stage it is at. This highlights
important issues for design practice. Creating design struc-
tures can highlight key sub-systems of the designed solu-
tion and the availability of design structures offers the
potential to develop design visualisation tools to make
explicit when design solutions become embedded into
the design process. Design and innovation literature
notes that a barrier to creativity and the quality of design
outcomes can be design ﬁxation (Linsey et al. 2010; Toh
and Miller 2013) resulting from ﬁxing the BOM structure
too soon. The principles introduced in this paper could
allow design ﬁxation risks to be highlighted and support
design managers in managing them.
In addition to being related to a representation of a
physical artefact, design structures can be related to each
other, ideally with separate relationships so that the struc-
tures remain independent of each other. For example,
Cormier, Olewnik, and Lewis (2013) give examples that,
using the principles introduced in this paper, would be
deﬁned as separate design structures (compositions of
affordances), related to each other through different user
groups of the artefact under consideration. More broadly,
Afford
desired
purpose(s)
Communication
to others
Transportation
of cargo
KEY
A
A B
A is an affordance
B is an aspect of A
Afford
desired
purpose(s)
Artefact
Transportation of
cargo
Communication to
others
Transportation to
occupants
Entertainment of
occupants
(a) (b)
Artefact
Transportation
to occupants
Entertainment
of occupants
Figure 8. Application of template for the deﬁnition of affordance and product structures from Lewis et al. (2013).
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relationships between design structures can be seen as
akin to Suh’s (1990) design matrices in that they are a
means of relating (through mappings) design structures in
different design domains (e.g., physical and functional). In
other cases, multiple design structures can be extracted
from a single visualisation. A common example can be
found in general assembly drawings where a BOM for the
assembly is deﬁned, often as a parts list, along with key
assembly-mating relationships. And ﬁnally, some design
structures are related to the design via other structures. An
example of this occurs in the ﬁshing game example used
earlier where the centre line referred to from the function
structure does not exist in the shape representation.
An exciting area for development of the principles
introduced in this paper lies in their potential to underpin
generative design development tools. Shape and spatial
grammars can be regarded as design structures where the
arcs deﬁne transformation processes and can be used to
understand the development of a design. In the longer
term, a coherent collection of principles for design struc-
turing offers the potential to apply shape grammar-like
formalisms to non-shape elements such as functions.
Supporting manufacturing and later through-life support
processes creates an engineering need for designers to be
able to consider the consequences of their decisions on
downstream processes. Systematic ways of articulating
design structures through-life offer the potential for
through-life analysis tools that can be used during design
to identify potential issues (or areas of risk) with respect to
downstream processes. A theoretically sound formalism
for design structures could enable the deﬁnition of design
structures through life, offering opportunities for organisa-
tional learning and improved communication across pro-
duct life-cycles.
Conclusions
Design structures may be regarded as lenses to view
designs. For a physical product, designs have shape and
material properties. Design structures are instruments to
support engineering processes that are akin to concep-
tual models and root deﬁnitions in soft systems model-
ling. Design structures are not a property like shape or
properties associated with materials – they are models
of viewpoints on an object that help to understand it
and to facilitate its design, rather than models of the
object itself.
In this paper, we have demonstrated that the principles
are straightforward to use, and provide the beginnings of a
formalism that can be applied across a wide range of
design structures. Without a well-founded and formally
deﬁned underlying theory, however, it is not possible to
prove that the principles apply with full generality. The
principles relate to the systematic speciﬁcation of
architectural aspects of design structures. Design structure
deﬁnitions also need systematic ways of specifying their
elements and the relationships between them. For
composition structures, parallels with solid modelling
can be drawn where the existence of a mathematical
foundation for deﬁnitions (constructive solid geometry)
offers potential for the development of automated tools
for the validation and veriﬁcation of instances.
A parallel mathematical theory for connection relation-
ships has not yet been identiﬁed or developed. Drawing
parallels with shape modelling, a general-purpose valida-
tion and veriﬁcation method that can be applied during the
deﬁnition of a structure may not be feasible. For example,
if connection relationships are akin to the veriﬁcation of a
CAD model in manufacturing, then information and
requirements for veriﬁcation algorithms come from down-
stream applications that may not be available during the
design process, and which require different kinds of exper-
tise and competency than that of a typical design engineer.
The examples provided in this paper show that connection
relationships depend to some extent on the type of element
being connected and, e.g., in shape, the composition struc-
ture of the elements concerned.
The principles introduced in this paper have been
demonstrated through application to mechanical engineer-
ing design problems. The paper includes four case studies
that explore the potential use of the template in different
scenarios. Although ‘imaginary’ scenarios (exemplars),
they do provide an insight into the potential application
and usefulness of the approach in structuring and gather-
ing design and manufacturing information. Other work has
shown that the same principles can be applied to the
engineering processes and networks of organisation that
are needed to deliver designs to markets. Early results
from ongoing work shows that change histories and simi-
lar meta-data generated through design processes can also
be effectively represented as design structures. A key
beneﬁt of using a common framework for the description
of many different kinds of design structure lies in the
potential this offers for integrated design descriptions.
Whilst care needs to be taken to ensure that creating
such descriptions adds value, their availability promises
major improvements in core areas. For example, emerging
3D printing technologies enable the 3D printing of mecha-
tronic and robotic devices. A design description scheme
that can support both mechanical and electronic aspects of
such designs could offer signiﬁcant beneﬁts in the devel-
opment of integrated solutions. More widely, there are
obvious overlaps with other design disciplines but further
work is needed in this area. For example, application in
software engineering would need to ensure support for the
deﬁnition of recursive design structures and the potential
for this approach in bioinformatics could well be a key
tool in the development of stratiﬁed medicines.
Our long-term goal is to establish an integrated theory
that draws together grammatical and mereological theories
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of design. Applying such an approach to the synthesis of
new designs could elevate the work of a designer above
the detailed nuances of individual designers without
diminishing their creativity and ingenuity.
The long-term impact of an integrated theory for engi-
neering design would be coherent underlying principles
for design deﬁnition and synthesis that could be used in
design practice and education and as foundations for the
development of future design, manufacturing and lifecycle
support systems. This, in turn, could lead to step-change
improvements in the performance of the innovation pro-
cesses that depend on effective and efﬁcient engineering
design processes, so resulting in the faster delivery of
improved products to market using fewer (e.g., ﬁnancial
and natural) resources.
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